Hawking's argument for black hole information loss is reassessed. A precise characterization of missing information in outgoing Hawking radiation is the entropy, computed from elements of the density matrix. The statement that these elements can be derived in a controlled semiclassical approximation is examined via a calculation of matrix elements of the stress tensor, and argued to be flawed because of large fluctuations in these quantities. Consequently, we lack a sharp derivation of information loss. The calculation moreover exhibits features of black hole complementarity. Fluctuations that have important interactions with infalling matter are those whose blueshifts produce cross-sections comparable to the size of the black hole, for example through strong gravitational dynamics. Together with previous arguments that local quantum field theory breaks down in such circumstances, as parametrized by the "locality bound," this suggests a general argument for unitarity based on failure of locality. 
Introduction
Hawking's argument that black holes destroy information [1] and thus violate quantum mechanics initiated a crisis in physics. In short, in the wake of this analysis, there is no apparent way to reconcile the basic principles of locality and energy conservation within known extensions of quantum physics. 't Hooft [2] had the bold insight to argue that the resulting paradox is escaped by abandoning locality, and that the Bekenstein-Hawking entropy, which grows with the surface area, is an accurate measure of the number of degrees of freedom inside a black hole, in contrast to volume-growth predictions of local quantum field theory. This viewpoint, dubbed the holographic principle, was refined and elaborated greatly in important conceptual work of Susskind and others [3] [4] [5] . In particular, the related principle of black hole complementarity [6] [7] [8] [9] , which states that there is no way for observers inside and outside a black hole to compare information content and thus reveal a contradiction if information escapes, has been proposed as part of the rationale for a holographic viewpoint. Elegant calculations of black hole entropy from string theory [10, 11] , as well as indications from the AdS/CFT correspondence [12] have also buttressed this viewpoint.
Despite these developments, and a growing consensus that locality is to be abandoned, one would like to have an understanding of where precisely Hawking's calculation fails, in order to actually resolve the paradox. There has long been a sense that the issue may lie in the peculiar dynamics of Hawking radiation [13] , which refers to modes close to the black hole that have ultrahigh energies in the frame of an infalling observer [6, 14, 7, [15] [16] [17] [18] .
However, a complete picture has been elusive, and there have been arguments against this dynamics affecting Hawking radiation. In particular, the precise relevance of these modes has not been demonstrated, and their possible interaction with other physical modes has been ill-understood. (A different viewpoint on the resolution to the paradox is presented in [19] .) This paper revisits the problem, by asking what precisely would be measured, and needs to be calculated, to demonstrate information loss. It is argued that we lack a calculation of information loss which can be justified in a controlled semiclassical approximation, contrary to the assumptions of [1] -and this indicates how the paradox can be avoided.
The present arguments follow in the vein of earlier discussions on the role of ultraplanckian modes near the horizon [6, 14, 7, [15] [16] [17] [18] . But, specifically, [20] argued that the large blueshift of these modes relative to an observer at infinity is physically relevant, and that consequent large interactions between these modes and modes inside the black hole, generically due to strong gravity, are the source of the requisite nonlocality in physics, as parameterized by the locality bound of ref. [21] . The present paper refines and improves these arguments, in particular making concrete calculations of properties of these ultraplanckian modes and estimates of their influence on other modes in the black hole vicinity.
These calculations both support and extend the idea of black hole complementarity, and suggest a definite role for nonlocality in physics parameterized by the locality bound.
It is important to stress two important assumptions at the outset. The first is that unitary quantum evolution is innocent until proven guilty -and in particular can be applied to describe evolution of modes in the vicinity of a black hole. The second is that Lorentz invariance is exact, to arbitrarily high boosts. This stands in contrast to work suggesting modified dispersion relations, maximum velocities, or preferred frames [22] [23] [24] [25] , as well as approaches based on an explicit cutoff [26] . However, it appears both plausible and in accord with our knowledge of string theory. In particular, it seems reasonable that we can describe a particle with ultraplanckian momentum by viewing a particle at rest from a sufficiently boosted frame. The semiclassical approximation to the geometry of such a particle should be just the Aichelburg-Sexl metric [27] . While we assume that there is nothing wrong with the kinematics of such a description, we do expect that ultraplanckian boosts lead to important effects on the dynamics. In particular, the cross-section for a collision of this particle with another, say at rest, will grow with the energy due to strong gravity/black hole formation [28] [29] [30] , which we will argue to be a generically important effect.
1 This paper will make a case that, under these assumptions, no paradox or contradiction emerges.
The argument will proceed as follows. Section two describes the types of measurements that an experimentalist would perform on the Hawking radiation to determine its information content. Its purity, or lack thereof, is parametrized by the entropy, which is computed in terms of the elements of the density matrix for outgoing particles. Section three examines whether the relevant elements of the density matrix can be caculated in controlled approximation, as was originally argued in [1] . If such an approximation exists, it should follow as the semiclassical approximation to an exact calculation in a complete theory of quantum gravity. It is argued that diagnostics for the validity of such an approximation are matrix elements of the quantum stress tensor. Section three outlines the 1 Separate discussion of gravitational scattering in the context of string theory, where other effects could emerge, will appear in [31] .
calculation of these matrix elements, both in two-dimensional models and in the fourdimensional theory. Whereas the expectation value of the stress tensor in the Hawking state is perfectly well behaved, the matrix elements pertinent to calculating the density matrix undergo violent fluctuations in the vicinity of the horizon. These are argued to invalidate the semiclassical approximation used in the case for information loss.
Section four considers the effect of these fluctuations on a particle falling into the black hole. Estimates show that such a particle can interact with the fluctuations when the ultraplanckian boost raises cross-sections, e.g. due to gravitational interactions, to the black hole size. While a complete picture of the dynamics is currently beyond us, section five suggests the following interpretation of these results. First, calculations of the fluctuations in the stress tensor indicate a possible underpinning and extension of the idea of black hole complementarity; precise measurements of the information content in the Hawking radiation conflict with semiclassical dynamics for the infalling observer. Second, when Hawking modes reach blueshifts so that they would have black hole-size cross sections with infalling matter, this indicates that one no longer has a local field theory description of these modes compatible with a description of modes inside and near the black hole.
The suggestion of work on the locality bound [21, 20] is to take such a failure of a local description to heart, and infer that locality truly fails in these circumstances. If so, this would provide the locality-violating dynamics necessary to "recover" any information in the black hole interior, and thus permit unitary evolution.
Detecting information
Imagine a future experimentalist who wants to settle the question of black holes destroying information; in the most optimistic of worlds, this could begin at the LHC [32] [33] [34] .
What measurements would she perform on the Hawking radiation?
Specifically, imagine that a black hole is formed from a pure or nearly pure state, 
for a collection of identically prepared initial states, in a process called quantum tomography. The quantity that gives a precise measure of this information is the entropy,
If our experimentalist measures the elements of the density matrix by suitable projections onto outgoing states, in repeated experiments, she would conclude the state is pure if
Note that a definite conclusion requires measurement of all the elements of the density matrix. For example, a density matrix of the form
has entropy S = log 2, but the density matrix
which only differs from ρ 1 in off-diagonal elements , has entropy S = 0.
Hawking prompted a conceptual crises in physics by arguing that the density matrix for such black hole decay is mixed [1] . The essence of his argument is to study the evolution of an initial pure state |Ψ i into a state in the combined Hilbert space inside and outside the black hole, which is assumed, in accord with local field theory, to be a product:
Denoting a general basis of inside and outside states by |α and |a , Hawking's computation yields a definite state of the form
Measurements made outside the black hole are summarized by the density matrix found by tracing over the inside states |α . As we will review, Hawking's argument predicts that this density matrix is approximately thermal, and has a correspondingly large entropy.
Information and fluctuations
An essential point of the discussion of the preceding section is that to have an accurate measure of the information, one must calculate the individual matrix elements of the density matrix, not just expectation values of, e.g., certain local observables in the outgoing state. Hawking's derivation [1] (and subsequent improvements) argues that these matrix elements can be computed in a controlled approximation. Let us review how arguments for a controlled approximation could be made, and assess their validity.
Information loss: the semiclassical argument
A complete calculation of the matrix elements aα|Ψ i requires a full theory of quantum gravity. In the absence of such a theory in which we can perform this calculation,
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note that outside the regime where planckian effects are relevant, the calculation can be treated as a functional integral over the metric and relevant matter degrees of freedom.
A central point in the argument for information loss is that it can be reliably made in a semiclassical approximation for the metric. Thus, even if the functional integral over metrics is only an approximation to more fundamental dynamics, it should serve as a reliable indicator of its own validity: it should accurately predict when the semiclassical approximation is valid, and when it fails (where inclusion of more fundamental dynamics may be needed).
Thus we represent the amplitude as
Here we must bear in mind that the initial and final states Ψ i , Ψ aα give data for both matter and metric configurations, which are of course related by constraints. The action has been decomposed into the purely metric part, S[g], and the (metric-dependent) matter
A basic point of the argument for information loss [1] is that in a more-fundamental calculation like this, the backreaction from Hawking radiation on a large black hole is small, and can be treated as an appropriate average; as a result, the metric can be replaced by a 2 If string theory is such a theory, it's current status doesn't permit such calculations.
semiclassical, slowly evolving metric. Indeed, this result follows from the expression (3.1)
if, as expected, for a typical state |aα of the Hawking radiation, we can approximate
where S HR [g] is an effective action (which depends on the initial state) summarizing the effects of the Hawking radiation. Lowercase ψ denotes the matter part of the state Ψ. For a suitable average over states |aα , this step can be made quite explicit, for example in the two-dimensional CGHS model [35] . For a large mass hole, the initial state specified through Ψ i corresponds to a nearly classical metric g i and the backreaction from S HR is weak, so the functional integral over g should be well approximated by a saddlepoint expression, about the classical solutionḡ satisfying the equation of motion
3)
The amplitude (3.1) then takes the form
where A summarizes the one-loop determinant from the integral over g.
The matter functional integral in (3.4), in the background classical metricḡ, has been approximately computed in various ways, beginning with [1] . Suppose, for example, we work with a non-interacting scalar field φ. Decompose this field in terms of modes appropriate to representing the initial state, or alternately the combined final state inside and outside the black hole:
Here the u i , v i ,v ι are bases of modes, chosen to be positive frequency in some appropriate convention, for the respective regions "in," "out," and "inside," and the a i , b i , andb ι are corresponding annihilation operators. In this case, it is quite natural to decompose the final states in an occupation number basis, |{n i }, {n ι } . The wavefunction takes the form
where (3.4) computes the individual amplitudes. More discussion will be given of the detailed form of these amplitudes, for which quite explicit expressions can be given, again in appropriate approximations. But the essential point is that this representation of the state shows a high degree of entanglement between the internal and external degrees of freedom, so the density matrix
has large non-vanishing entropy. In fact, one finds that with the approximate expressions for the amplitudes, the entropy agrees with the expected value for a thermal state. Since there is no apparent means to recover the information lost to the interior, Hawking [1] argued that the entropy of (3.7) represents information that has been fundamentally lost in the black hole formation and evaporation, and quantum mechanical evolution has broken down.
As convincing as this analysis seems, we will argue that it is on shaky ground, and in particular will argue that a calculation of the density matrix (3.7) has not been performed in a reliable approximation. This undermines the rationale for the claim that black holes destroy information, indicating how the paradox can be eliminated.
Validity of approximations
A critical step in deriving (3.4), to which standard quantum field theory techniques could be applied, was the argument that the metric dependence in (3.1) could be represented by a smooth average, (3.2), justifying the use of the semiclassical metricḡ. This statement should be put to test. Notice, in doing so, that it is important that we be able to compute the amplitudes (3.1) for individual quantum states of the Hawking radiation.
These individual amplitudes are needed in order to evaluate the exact quantum entropy;
there is no apparent way to extract it from averages over these amplitudes.
Thus, for a given quantum state ψ aα of the matter field, one needs to evaluate the validity of the expression (3.2). To do so (and thus assess the backreaction of the matter state on the metric), consider the functional derivative of this expression:
The question is how far this deviates from an average value given by
Justification of the semiclassical approximation for the geometry in calculating Ψ aα |Ψ i requires that this deviation be small.
Stress tensor -two dimensions
The Hawking effect particularly simplifies in two-dimensions, and detailed calculations can be performed [36] . These suffice to illustrate one of the essential points. Specifically, one can find an explicit expression for the quantity 10) in the appropriate late-time limit.
Let us recall some of the basic machinery of the two-dimensional example. An explicit solution can be found [35] for a black hole that forms when a massless matter wave is sent into the vacuum; non-trivial gravitational dynamics arises from the inclusion of a dilaton degree of freedom. In the past region, the metric is flat,
where we use light-like coordinates. The future part of the metric takes a black hole form,
in these coordinates it is asymptotically flat. The relation between the flat coordinates in the "in" and "out" regions is
where λ is an analog of the cosmological constant and P is a parameter determined by the incoming matter wave. One can likewise define a convenient coordinateσ − inside the black hole by
Following Hawking [13, 1] , the quantity (3.10) will be computed in the geometry of the non-evaporating black hole. Hawking argues that this should be a good approximation since the evaporation for a big black hole is slow. This approximation could be improved using an explicit description of the evaporating semiclassical geometry of [35] , though such improvement is more complicated in higher dimensions.
Positive frequency modes which enter the expansions (3.5) can be defined in the respective regions as
In terms of the "in" coordinates y − , the positive frequency "out" modes are 16) and analogously for the modesv ω . The expression (3.16) has a branch point at the horizon, y − = 0. Analyticity in the lower half y − complex plane corresponds to positive frequency in y − , so continue around this point using the contour y − = −ǫe iθ , with 0 ≤ θ ≤ π.
Restricting to the real line results in the positive-frequency (in y − ) modes
where
One can likewise show that the modes
are positive frequency in the "in" expansion.
The initial matter state |ψ i takes the form
where |0 in is the right-moving "in" vacuum and |ψ L is the left-moving state corresponding to the incoming wave. In an expansion (3.5) in terms of the modes v 1 ω , v 2 ω , the corresponding annihilation operators must annihilate |0 in ; using (3.17) these can be written in terms of the "out" and "inside" operators as
One easily finds the state annihilated by these, in terms of the occupation number basis for the "out" and "inside" Hilbert spaces:
where C is an overall normalization. Tracing this state over inside modes gives a precisely thermal density matrix
with Hawking temperature given by
there are no gray-body factors for massless scalars in two dimensions.
The preceding presentation is simplified by working in a plane-wave basis, but for many purposes it is better to work with a wavepacket basis. This allows one to give an approximately local description of the particle states created. This is important, for example, as the black hole actually has a finite lifetime. The lifetime gives a finite-time cutoff on the expression (3.23), and thus a finite expression for the corresponding entropy.
There are many ways to construct acceptable wavepackets from positive frequency modes, they may be gaussians, square wavepackets
as described in [13, 36] , or other functions localized in position and frequency. In such a basis one has equations directly corresponding to (3.17), (3.19), (3.21), (3.22), (3.23); for further details see [36] .
The matrix element of the stress tensor, (3.10), is readily computed, via (3.20) and (3.22) . The Hawking flux is purely right-moving, and the corresponding stress tensor is
At the quantum level, this expression must be regulated by a normal-ordering convention.
However, the contribution of the normal ordering subtraction, which is a c-number, cancels in ∆T . Working with a wavepacket basis and corresponding normal ordering appropriate to the "out" region, the stress tensor for y − < 0 is given by
(here we use the approximation ∂ − v j ≃ −iω j v j ). An analogous expression, with hats, holds in the region y − > 0 behind the horizon.
In this basis, the state |aα is specified by occupation numbers, |{n}, {n} . In the expression (3.10) the contributions from the first two terms in (3.27) , and the third term with i = j, have small wavepacket overlap and/or large phases and thus are neglected; this leaves the term with i = j. Its contribution to this matrix element gives
is the total (asymptotic) energy of the state {n}.
The expression (3.28) is given in the asymptotic coordinates σ − , but our interest is stress-tensor fluctuations in the vicinity of the horizon. The coordinate y − is a good coordinate for an inertial observer in this region, and the corresponding matrix element is
The average value T 0 (normal ordered with respect to b modes) is computed in [36] ; all we need for our discussion is its asymptotic value near the horizon, σ − → ∞, where
The expression (3.30) illuminates a central point. Note first that if we take an average over all states (with thermal factor), we of course get vanishing contribution. This is the expected statement that the Hawking radiation does not, on the average, contribute to a large stress tensor near the horizon, as seen by an infalling observer. However, note also that a specific microstate {n}, while "typical" of the thermal ensemble, will produce fluctuations in the stress tensor about the average state. The large blueshift factor can make these huge.
To better quantify this, consider the Hawking radiation in a "box" 
However, the value of such fluctuations as seen by the inertial observer near the horizon is scaled up by the exponentially large blueshift factor (3.33). That is, the fluctuation in T −− corresponding to the range (3.32) is seen by an infalling observer as typical of a thermal ensemble at the blueshifted temperature
In other words, if we project on a specific state of the Hawking radiation {n}, which has a typical fluctuation characteristic of the thermal ensemble, it will produce local fluctuations in the stress tensor near the horizon of the form (3.30), and the magnitude of these are the same as those of a thermal ensemble at the exponentially large temperature (3.35).
Another way to get a feel for such fluctuations is to consider a state that deviates from the average simply by delaying a single quantum of the Hawking radiation to a later emission time. This produces exponentially large contributions to ∆T near the horizon, along the excess particle trajectory, and where the particle should have been.
While it may appear that the corresponding state is no worse than that of a collection of particles viewed from a highly boosted frame, note that there is also a contribution T ++ to the stress tensor from the infalling matter, |ψ L in (3.20) . The combined stress tensor would source huge fluctuations in the functional integral (3.1), leading to a failure of the approximation (3.2).
Thus, while the average state of the Hawking radiation is perfectly well-behaved as seen by an infalling observer, clearly the requirement that we project on a specific state in order to resolve the information in the Hawking information requires us to do a calculation for which the semiclassical approximation used by Hawking appears to fail disasterously.
Generalization to four dimensions
The preceding discussion generalizes to four-dimensions, with minor modifications.
Consider a black hole that forms from collapsing matter; we will work with the nonrotating, spherically symmetrical case. We can write the metric in the form
After the black hole forms, the metric is Schwarzschild. We identify t as the asymptotic Schwarzschild time, and in this future region r * is the usual tortoise coordinate. The retarded and advanced coordinates
are also useful.
Outside modes of a massless scalar field φ can be written where t ωl and r ωl are transmission and reflection coefficients in the effective potential for R ωl . As in two dimensions, it is helpful to work with wavepacket modes, for example of the form (3.25) . Let the wavepacket modes be denoted v K , where the index K includes the angular momenta l, m.
The derivation of the future state can be carried out either by tracing wavepackets back through the collapsing body that formed the black hole, or alternatively by using the fully extended Schwarzschild geometry. In either case, if a wavepacket v K corresponding to an outgoing Hawking particle is traced back along the horizon to either the origin or the past horizon (depending on which geometry we use), it is dominated by the outgoing piece in (3.39) . In the case of collapse, we assume that the scalar field starts in its vacuum.
In the fully extended geometry, the equivalent situation can be described using Kruskal
(3.40)
by requiring positive frequency with respect to U on the past horizon. There, the radial wavefunction (3.39) asymptotes to
As in two dimensions, positive frequency modes in U are found by analytic continuation.
Define inside modesv * ωl with asymptotic behavior
at the horizon. Then positive frequency modes with respect to U are
analogous to (3.17), (3.19) , where now
Here we only describe the inside modes in the region where the metric is Schwarzschild.
Their past origin depends on the past extension of the metric; if this were the extended Schwarzshchild solution, they would correspond to modes originating behind the horizon, in the other asymptotic region, but in a collapse situation they arise from certain incoming modes from I − that bounce off r = 0 behind the horizon.
To the modes (3.43) correspond annihilation operators, related to those of the inside and outside modes by a relation of the form (3.21). Likewise, the final state can be written in the product Hilbert space, Hawking temperature given by
The stress tensor is
Switch to the wavepacket basis with modes v K . Analogous to (3.28), the stress tensor will have matrix element
and where T 0 µν again denotes the vacuum expectation value. Once more, for the state averaged over {n}, {n} to produce |0 in , (3.48) vanishes, but for a typical state specified by {n}, {n} it can have large fluctuations about this mean value near the horizon.
Implications
The calculations of this section point to a flaw in the argument of [1] . In short, there does not appear to be a reliable calculation of the information in the Hawking radiation; attempts to calculate the detailed matrix elements needed to evaluate this quantity lead to gross failure of the semiclassical approximation. Thus we do not seem to have a sharp calculation leading to a paradox.
Assuming this is how the paradox is removed, we can nonetheless ask whether we can learn any more from these considerations, and in particular shed light on ideas of holography and black hole complementarity, and their concomitant assumption that locality must break down in some way.
Before doing so, let us address one potential concern. The failure of the semiclassical approximation is only seen when computing the specific amplitudes aα|Ψ i , but is not evident in calculations of expectation values of local operators in the Hawking state, e.g.
The argument that it should be taken quite seriously is the following. First, as discussed in section two, one really needs to compute the individual matrix elements in order to answer calculationally whether or not the Hawking radiation is in a pure state. Moreover, once we project on a given definite state of the Hawking radiation in order to do so, we should be able to attribute to that amplitude a quantum history. Consider an analogy, involving Schrödinger's cat: the cat may be in a superposition of the "alive" and "dead"
states, but once we restrict to the "dead" state by observing the cat, that goes along with a specific quantum history in which the nucleus that triggered the release of the poison actually decayed, the vial was shattered, etc. Likewise, if we measure a specific projection onto |{n} of the Hawking state, we should be able to describe the quantum history that gave rise to it. 3 In the black hole case, this is a quantum history for which the semiclassical approximation apparently fails, badly.
Interactions with infalling matter
The results of the preceding section are from some viewpoints surprising; what more can one say about the implications of the fluctuations of ultraplanckian modes, and about the possibility of giving a more detailed explanation of how information escapes a black hole? Moreover, one might be disturbed about calculations making reference to energies above the Planck scale, as the outgoing modes are as seen by an infalling observer.
However, recall that an assumption of the present work is that Lorentz invariance permits arbitrarily high boosts, so there is nothing kinematically wrong with the description of an ultraplanckian mode. But interactions could change this. For these reasons, it is illustrative to consider the impact of such modes on an infalling particle.
Consider a φ particle, with asymptotic momentum p, falling into the black hole. We can then ask the question: if one accepts the description of the preceding section, is the infalling particle scattered by the outgoing fluctuations?
If such scattering is an appreciable effect, it should be so in the near-horizon region, where interaction amplitudes are expected to grow due to the ultraplanckian relative blueshift. A complete study of this dynamics is expected to require understanding of the structure of amplitudes at such blueshifts, and the details of this would necessitate an underlying theory of quantum gravity such as string theory. Further discussion of the possible behavior of such amplitudes in string theory is given in [31] . Whether or not the fundamental theory is string theory, one expects that a very important effect of scattering at large boosts is strong gravitational dynamics, which is certainly generic, so we focus 3 A more careful discussion of where one should be able to attribute a past history to a given projection could be made in the context the "decoherent histories" approach to quantum mechanics [38] . It is in particular important that the histories do decohere, which does not appear to limit the present discussion.
on that, but bear in mind the lessons are likely to be more general. A rough criterion for the strength of gravitational interactions is to estimate the amplitude for single graviton exchange.
Specifically, consider the process p + {n} → p ′ + {n ′ }, where an outgoing mode is kicked into a different state through gravitational interactions, and where we focus on the near horizon region. For the purposes of estimates, recall that the near-horizon region of a big black hole looks like flat space, with Schwarzschild coordinates mapping to Rindler coordinates, for more details see [20] . The coupling between the infalling particle and the outgoing modes is of the form
where we use the bar notationT
Without a detailed calculation, this amplitude can be estimated as follows. First, note that as implied by (3.48), the stress tensor has a piece coupling to the modes of the fluctuating atmosphere, and a background piece. The latter only contributes to forward scattering, so scattering at say, fixed angle, arises from the former. The scattering amplitude depends on the state and the cross section. As a good approximation to the state, in the frame of the infalling particle, one may take a thermal state with a temperature β 
Interpretation
The preceding sections have argued that existing calculations supporting information loss in fact cannot be done in a reliable approximation; without such a calculation, there is no paradox. But, beyond this, we would like to understand how information escapes a black hole. The results here in fact suggest interpretations directly in line with previous discussion of how this could happen.
Holography and non-locality
The calculation of the previous section suggests an answer to the question, if a given bit of information fell into the black hole, when does it escape? A plausible answer is that the information will escape in modes with which the infalling particle acts strongly. These interactions become significant for Hawking particles emitted at retarded time (4.10).
Equation (4.12) shows that the mechanism for these interactions to become significant is increase of the gravitational cross-section to O(M 2 ), due to the large blueshift of the outgoing mode. This coincides with arguments [20] based on the locality bound [21] . At this blueshift, the Hawking modes are expected to strongly interact with particles both inside and outside the black hole. Moreover, at such blueshifts, one no longer has a rationale for application of local quantum field theory over a region the size of the black hole, and so it is plausible that locality itself breaks down on the scale of the black hole [21, 20] .
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Indeed, one might have been concerned that, even though infalling particles have nonzero scattering probability (4.9), a more detailed analysis, beyond the semiclassical limit, would show that information still can enter the black hole and be lost, or, is lost through broken correlations between the inside modes and outside modes in (3.22) or (3.45) . But, at the retarded time u L of (4.10), the blueshift is sufficiently large that all modes in the region of the black hole can have non-trivial interaction with the outgoing quanta. Thus, the present paper further clarifies the argument of [20] that such dynamics is important.
There is no reason to trust local quantum field theory in this situation, and therefore no good reason to argue that the modes inside and outside the black hole have independent existence. Put more precisely, for such modes a decomposition of the form (2.5) can't be justified, and according to the locality bound, is conjectured not to exist. Such an argument suggests that it doesn't make sense to think of information "lost" to the interior of the black hole.
5 It is possible that string effects could lead to nonlocality on black hole scales at even lower blueshift. But, following the discussion of [31] , the gravitational effects are likely to retain relevance.
Black hole complementarity and the final state
The calculations of sections three and four also appear to fit well with the "principle of black hole complementarity [6] [7] [8] [9] ," which states that observers falling into or staying outside a black hole may see different physics, and there is no way to produce a contradiction by comparing their experiences directly. The calculations suggest a stronger form for this principle. Specifically, if one takes an average over asymptotic states of the Hawking radiation, then one can apparently calculate and describe the observations of the infalling observer. However, if one conducts detailed projections of the Hawking radiation that would be necessary to resolve the presence or absence of information in that radiation, the projected state has a stress tensor that fluctuates violently as "seen" by an infalling observer, and thus these projections are not compatible with the semiclassical picture for the infalling observer.
An open question for future work is to try to infer how precisely the information would be parameterized in the outgoing density matrix that replaces (3.23) or its fourdimensional analog. As argued earlier, this could arise from non-zero off-diagonal elements in the density matrix, as in (2.4), and possibly modified diagonal components. Actual computation of these elements appears to require a complete description of strong quantum gravity, but there may be means to make estimates.
Finally, another proposal for for the fate of information in black holes is the "final state" proposal of Horowitz and Maldacena [39] , which suggests that the state at the singularity is unique, and thus devoid of information. But in order to explain such behavior, some non-local physics would be required to relay the information outside the black hole.
The present paper offers a context for this proposal. Specifically, calculations here suggest that the inside and outside Hilbert spaces don't have independent existence in certain contexts. In particular, the form of complementarity described above, and in particular the locality bound, suggests that in an "outside" picture, an independent inside Hilbert space loses meaning. It is plausible that this phenomenon could be equivalently summarized by using a mathematical description including an inside Hilbert space, on which a final state boundary condition is applied. Conversely, dynamics would look different in the "inside"
complementary picture seen by an infalling observer.
Conclusion
To summarize the arguments of this paper: following discussion of [20] , a careful attempt to calculate the entropy of decay products of a black hole, which one might try to measure in order to verify information loss, has been argued to require calculation of elements of the density matrix. Existing calculations of the density matrix are argued to not be justified within a valid semiclassical approximation. As a result, a sharp derivation for information loss in black hole evaporation is absent. And this, in turn, suggests that the assumptions of unitarity, together with exact Lorentz invariance, are consistent.
On the other hand, as has been expected, a more general explanation of the absence of information loss apparently requires sacrifice of locality in certain extreme circumstances.
A criterion for this breakdown is given by the "locality bound" of refs. [21, 20] . While details of nonlocal gravitational dynamics are beyond our present means, outlines appear.
These outlines, combined with the calculations of this paper, suggest a firmer rationale both for black hole complementarity, as well as for the reduction of degrees of freedom in gravity suggested by taking the Bekenstein-Hawking entropy literally. Specifically, one sees directly the conflict between observations of outside observers, and semiclassical treatment of infalling observers, and that this conflict sharpens when gravitational (or other) crosssections between modes become of order the black hole size. Here one expects the locality bound to imply a breakdown of locality on the black hole scale. Important issues for the future include a more complete characterization of this proposed failure of locality.
As a last point, one might be concerned that a breakdown of the semiclassical analysis could undermine the argument that black holes evaporate. However, there are other calculations of the Hawking flux, which don't refer directly to ultrahigh energy modes;
for example in two-dimensions the expected flux follows from the trace anomaly [40, 35, 41] , and similar arguments can be made in higher dimensions [40] . Likewise, Hawking emission appears robust to introduction of explicit cutoffs [26] .
